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Noise in superconducting circuits
TLSs
Avoided level crossings =
Qubit interaction with individual TLSs
Grabovskij et al. Science 338, 232 (2012)
a-Al2O3
Two-level systems (TLSs) are believed to be the main source of 
decoherence of superconducting qubits based on Josephson junctions
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At low temperatures thermal properties of amorphous materials 
show very different behavior from those of crystalline solids
Low-temperature anomalies of amorphous materials
TLS model
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is the asymmetry energy 
(relative shift in energy for two wells in the case 
of identical harmonic wells)
is the tunnel splitting
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Barrier for 
a single atom TLS 5-10 meV
Phillips J. Low Temp. Phys. 7, 351 (1972)
Anderson et al. Phil. Mag. 25, 1 (1972)
Search for TLSs at atomistic level
Difficulties:
 To freeze other reactions than TLS transitions relatively low temperatures
should be considered =>
TLS transitions are rare events in time
 Low number denisty of TLSs (1 TLS per 1 000 000 atoms) =>
TLS transitions are rare events in space
T
T ~ 1 K T ~ 10 K
Classical potentials are more effective for search of TLSs than first-
principles methods
Classical force fields
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Exp.: P. Lamparter, R. Kniep, Physica B 234, 405 (1997); 
G. Gutierrez, B. Johansson, Phys. Rev. B 65, 104202 (2002).
 The radial distribution functions 
are sensitive to the potential used
 Potential II tends to overestimate 
the Al-O bond length and the 
average numbers of nearest 
neighbors
 Potential I: 
Matsui, Miner. Mag. 58A, 571 (1994)
Tested: experimental data for liquid, 
crystalline and amorphous alumina
 Potential II: 
Beck et al. J. Phys.: Condens. Mat. 24, 
485401 (2012)
Tested: ab initio data for liquid alumina
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Preparation of amorphous sample
• Liquid alumina is simulated at high temperature 5000 K and low density
2.75 g/cm3 during 200 ps starting from the crystalline configuration.
• Then the sample is cooled down to 3000 K with the cooling rate 20 K/ps.
• The system is allowed to equilibrate at 3000 K during 100 ps.
• The system is compressed to the density of 3.2 g/cm3 by reducing
simultaneously the lengths of the MD cell and the positions of all the
atoms and equilibrated again at temperature 3000 K during 100 ps.
• The system is cooled down to 5-100 K with the cooling rate 4K/ps.
• Finally the systems is equilibrated at 5-100 K and analysis of structure
and detection of low-temperature structural rearrangements is performed.
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Identified bistable motifs
rAl-O1
rAl-O2
r = rAl-O2 - rAl-O1
O1
Al
O2
State1 State2Transition state
Dynamic behavior at 25 K Molecular dynamics details:
•360 atoms
•15 Å cubic cell
•MD-kMC code
•Berendsen thermostat
•1 fs timestep
Fluctuations in position of atoms > 0.15 Å are detected to look for possible TLSs 
Nearest surrounding of Al atom is close to that in crystalline Al2O3
1.8 Å
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Metadynamics
Laio et al. PNAS99, 
12562 (2002)
 Bistability of the motif is confirmed at very low temperatures. The energy 
difference between two minima 2 meV
 The barrier for this motif is  7.5 meV, in agreement with experimental data
 Number density of motifs is 1 per 25 000 atoms, i.e. very low and 
comparable to experimental values
 Density of states on the order of 1021 1/(cm3·eV), in agreement with 
experimental data
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Analysis of free energy reliefs
Size of bistable motif
motif radius ~ 5 Å
rAl-O2 - rAl-O1 (Å) 
Energy (m
eV
)
 Account of relaxation of Al-atom surrounding is crucial for bistability
 Characteristic size of the motif on the order of 5 Å, i.e. the motif is 
nano-sized but is not reduced to single atom motion
Displacements of atoms vs. 
distance from Al atom 
Free energy profile for 
samples with fixed atoms 
beyond different radii R
R
motif with 6-coordinated Al atom
(figure prepared by Alejandro Paz)
Interaction of bistable motif with electric and strain fields
 Strain-asymmetry coupling coefficient  is on the order of  1 eV, in 
agreement with experimental data
 Dipole moment                      , in agreement with experimental data1 ep  ·0.9Å
Tunnel splitting
1D motion on PES 
described by generalized 
coordinate q
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The values of tunnel splitting closer to the experimentally relevant ones
can be achieved for motifs with higher barriers0 0 1 meV. 
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Other motifs
The same motif is 
found using both 
potentials I and II 
O
Al1 Al2
E = 2 meV
Ebar =7.6 meV
E = 2 meV
Ebar =6 meV
Oxygen motifs are 
not ruled out
E = 7 meV
Ebar =15 meV
Simultaneous big 
jumps of several 
atoms are possible
Conclusions
 Structural motifs that can be responsible for TLSs in amorphous
alumina have been identified. The motifs include only few atoms
that get displaced by 0.5 Å.
 The existence of one of the bistable motifs is confirmed by two
classical force fields.
 The motifs are nanosize objects but include tens of atoms.
 The properties of the motifs (density, tunnel splitting, dipole
moment, coupling to strain) agree with the experimental data.
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